We present calculations of the fundamental band gap and intervalence absorption in InAs/GaSb materials incorporating both the intrinsic atomistic symmetry of interface bonding and typical compositional gradients near the interfaces. Including these effects quantitatively explains experimentally observed systematic trends in the band gaps of InAs/GaSb superlattices. Calculations of intervalence absorption indicate that the internal loss in laser active regions based on these materials can not be predicted quantitatively without including these effects.
Major improvements in operating temperature and output power for midwave-infrared ͓͑MWIR͒, 2-5 m͔ laser diodes have been achieved over the past few years through the use of InAs/GaSb/AlSb heterostructures incorporating some layers thinner than 20 Å. [1] [2] [3] [4] Thin layers are essential to manipulate the electronic structure of the heterostructure in order to maximize the suppression of intersubband absorption 5 and Auger recombination. [5] [6] [7] [8] Concern has been expressed over the use of envelope-function approaches ͑EFAs͒ to calculate optical and electrical properties of heterostructures with such thin layers. 9, 10 Here, we identify the dominant effects of thin-layer heterostructures not included in typical EFAs and show how they may be naturally incorporated into EFAs. We explain in this way experimental results previously unexplained within the EFA, and calculate features of the intersubband absorption of these heterostructures due to interface effects. These intersubband features dramatically affect the internal loss of laser active regions constructed of these materials.
The proper way to include the effects of interface structure within EFA has been known for some time. 11, 12 As shown in Figs. 1͑a͒ and 1͑b͒, bonds at interfaces between materials which do not share either cations or anions are very different from bulk bonds. For example, bonds at the InAs/ GaSb interface must be either InSb-or GaAs-like. Such bonds are also asymmetrically oriented at the two interfaces ͓even if both interface bonds are InSb, Fig. 1͑a͒ shows the InSb bonds at the InAs on GaSb interface are rotated 90°f rom InSb bonds at the GaSb on the InAs interface͔. These special bonds alter EFA Hamiltonians both by changing the band-edge potentials and by introducing new terms coupling heavy holes ͑HH͒ and light holes ͑LH͒ at the interfaces. 11, 12 Fortunately these interface terms at the InAs/GaSb interface can be probed experimentally-they are not fit parameters. The magnitude of the interface terms is constrained by electron spin relaxation measurements on a 7 ML InAs/12 ML GaSb superlattice. 13 Electron spin relaxation times are very sensitive to inversion asymmetry, and in this particular superlattice interface bonding is the dominant source of that asymmetry.
We now include these interface terms in a 14-band restricted basis EFA Hamiltonian and evaluate their implications for the optical properties of laser active regions based on InAs/GaSb heterostructures. Shown in Fig. 1͑c͒ are experimental measurements of the band gaps of short-period InAs/GaSb superlattices.
14 Traditional calculations neglecting the interface terms coupling HH and LH ͑dotted line͒ lead to a much weaker dependence of the band gap on GaSb layer thickness than observed ͑filled circles͒, and calculated via the empirical pseudopotential method ͓͑EPM͒ ϩ͔.
14 The APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 10 11 MARCH 2002 parameters that enter the Hamiltonian 15, 16 include the zonecenter energies of the constituent bulk semiconductors and the momentum matrix elements between bands. 17 Specific values of these parameters are available elsewhere. [15] [16] [17] The parameters obtained from these experimental observables are not altered for our calculations of electron spin coherence time, band gap, and absorption. Properly including interface terms within the restricted basis EFA, however, provides excellent agreement ͑solid line͒ with measurements given in Ref. 14.
The interface terms are included by adding to the Hamiltonian a term coupling HH and LH which is spatially localized to the half-monolayer thickness of the interface region. 18 In an InAs/GaSb superlattice, the two interfaces are not identical, due to the different kinetics of their growth, and thus the two HH-LH coupling interface terms are described by distinct couplings V 1 and V 2 respectively. We define V S ϭ(V 1 ϩV 2 )/2 and V A ϭ(V 1 ϪV 2 )/2. In Ref. 13 , it was shown that for a given V S , the measured electron spin relaxation time determined V A , and the time was dominated by the interface contribution. In Fig. 1͑c͒ we have allowed V S and V A to vary to obtain the best agreement with experimental band gaps, consistent with the constraints of Ref. 13 . The values which provide the best agreement are V S ϭ500 meV and V A ϭ360 meV. Thus, the systematic measurements of band gaps in Ref. 14, combined with the electron spin relaxation times measured in Ref. 13 , fully constrain the interface coupling terms.
Compositional gradients can also significantly effect the band gaps of InAs/GaSb superlattices. Characteristic gradients ͓inferred from scanning tunneling microscopy ͑STM͔͒ 19 have been included in the calculations in Fig. 1͑c͒ . To clarify the relative role of interface bonding and compositional gradients, we also show band gaps calculated without compositional gradients, both with ͑dot-dashed line͒ and without ͑dashed line͒ interface bonding. It is apparent that the blueshift of the superlattices with increasing GaSb thickness is predominately due to interface bonding, whereas compositional gradients largely serve to shift the band gaps by a small amount roughly independent of GaSb thickness.
We now apply the information about the InAs/GaSb interfaces to calculations of the optical absorption of MWIR superlattices, both interband and intersubband. Figure 2 shows the absorption for normal incidence ͓transverse electric ͑TE͔͒ in the 8 ML InAs superlattices of Fig. 1͑c͒ , measured in Ref. 20 ͑dashed line͒ and calculated without ͑dotted line͒ and with ͑solid line͒ interface terms. The difference between the calculations with and without interface terms is not very pronounced, and the agreement between calculations and measurements is quite remarkable. The interface terms do not influence the equilibrium absorption substantially because the absorption originates mostly from the zone center, where the spin splitting from the interface terms vanishes. In intersubband absorption, however, the dominant contributions come from regions away from zone center, and thus the influence of the interface terms is very pronounced.
The same inversion asymmetry that leads to rapid electron spin relaxation in these superlattices thus has a dramatic effect on intersubband absorption. Rapid electron spin relaxation originates from spin splitting in the electronic structure, and the spin splitting is proportional to the inversion asymmetry of the material. This spin splitting will tend to broaden, and eventually split, intersubband absorption peaks. The spin splitting itself is shown in Figs. 3͑a͒-3͑b͒ , which show valence subbands for a W-laser active region ͑21 Å InAs/31 Å Ga 0.7 In 0.3 Sb/21 Å InAs/43 Å AlSb͒. 8 Figure 3͑a͒ does not include interface terms, whereas Fig. 3͑b͒ does. The spin splitting vanishes in both cases at zone center, due to the Kramers degeneracy. The farther a state is from zone center, the more strongly it is affected by spin splitting. The valence subbands shown in Fig. 3͑b͒ , which are strongly modified by interface terms, dominate the intersubband absorption.
Matrix elements for intersubband absorption vanish at zone center and increase ͑roughly͒ linearly with crystal momentum. The higher the temperature, and thus the more the initial nonequilibrium carriers are spread from zone center, the more spin splitting will affect the structure of intersubband absorption. In Fig. 3͑c͒ , the calculated intersubband absorption spectrum for normal incidence for this active region is shown at 300 K both with and without interface terms. The interface terms strongly split the intersubband absorption ͑for energies near the fundamental band gap͒ into two peaks, and thus will dramatically change the nature of the internal loss for a laser diode based on this active region. The density chosen corresponds to a typical density for optimal lasing operation, and the material gain at that density for such W-lasers is roughly 1000 cm
Ϫ1
. The size of the peaks in the material intersubband absorption approaches that value, therefore an inaccurate calculation of the location of those peaks can alter a design with ideal lasing properties into one with no net material gain at all.
At this time, only the interface terms for InAs/GaSb interfaces have been characterized in detail, and thus only those have been included in the calculations of Figs. 1-3 . True quantitative predictions of the internal loss for laser active regions will require additional experimental information-most importantly, the interface terms for InAs/ AlSb interfaces ͑unknown at this time͒. Nevertheless, these results directly indicate the origin and resolution of experimentally observed uncertainty in the location of valence subband features, and their implications for the internal loss of MWIR active regions.
We have determined the interface-bonding effects within the EFA for InAs/GaSb interfaces by correlating electron spin relaxation measurements 13 and band gap measurements.
14 The resulting interface Hamiltonian has been used to evaluate valence band structures and intersubband absorption in a typical MWIR laser active region. The presence of the interface terms dramatically alters the predicted intersubband absorption spectrum, and thus the expected internal loss for a laser based on the active region.
